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~“Thin film insertion cathode have been obtained in the In-Se system Wk

u ) and Hall mobility up to 50 cm2v~'s** have been measured on annealed films. €3
e’ ~

Electrochemical lithium intercalation has been performed and shows that a ¥ °§~;
plateau appears at 1.8V. The redox stability range has been determined by u:.*o,i:l
cyclic voltametry for different preparation conditions of the films. \ 4

Lithium solid state hybrid systems using borate glasses as
electrolyte and lamellar compounds as intercalated electrode have been tested ) - )

from the point of view of storage applications. The secondary prototype built o 5
with a composite electrode including NiPS:;, carbon and powdered electrolyte al 0.«:4\
“\

have been set up and checked. Both thermodynamic and kinetic parameters are &

given under high power storage conditions. - o S 2
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A. INTRODUCTION

This report deals with the laboratory scale studies of solid state batteries working at
room temperature according to the scheme

Alkali Fast ion conducting glass Insertion
Metal // B,03 + Li,O + salt // Compound

It is well known. now that fast ion conducting glass electrolytes are enough good ionic
conductors for secondary batteries and have the advantages to present a large stability range
when alkali metal is used as electrode ion-reservoir, a very low electronic conductivity at
room temperature (Menetrier et al., 1984) and are easily formed into complex shapes
when accommodate with other components in the system.

All solid microbatteries are currently being investigated for use in micro electronic
devices (Kanehori et al., 1983) and recent studies have shown that the use of indium
selenide as the insertion cathode material is possible (Julien and Hatzikraniotis, 1987).
During the discharge process, this material serves as an ionic conductor for the cation Li* ;
this property along with the high values of electrical conductivity, lithium diffusity and

electrochemical potential relative to lithium, make InSe a quite favourable material for
battery operation in thin film technology.

Material Unit cell Conductivity Energy gap
(nm) (S/cm) (eV)

InSe a = 0.4002 0.01 - 0.2 E"g =1.29
b = 0.831 Elg = 1.19

GaSe a = 0.3755 E9y - 2.13
b = 0.797 5-15 Elg =2.1

MoS, a = 0.316 Edg = 1.74
b = 0.615 0.03 Ely = 1.10

In,Sey a = 0.402 Edg = 1.24
b = 1.934 1-10 Elg = 1.10

TiS, a = 0.341 E9g = 0.2
b = 0.569 10 - 100

Table 1 : Characteristics of different layered materials which

cathodes in solid state batteries.

can be used as insertion

W N % S S L O et e N W MR W A T e " v v,‘.._ '-‘_'v » gt v, v .
"'.‘:' ¥ N \"\':\"N'\\vb&\'h‘::&\"a"\’\’ A A N A AR RN ."-‘:\:‘.ﬁ:\:\tzﬁ K
v "‘I L% 1LY )\ ln"\" A N '\"t_".'x'..n',;-“.._“ S '4"":'/\'{%!".\‘”‘\}.'-"
ORI A AN 0 O A T RIS, o, A Sy
O A L St et i U M K0 S W o ot X R O AR SR AR 1 1 0

o
3 8
pit .'..

Y
'O'q'ity'i
¥
SR
-i i |



-
W

L R R Y U L U SR AT LT TS LT LA L U LU LW LN LSO WS AS UL SO USCA U U LN LU UN R LTI UORTY ",'i.
|'|I

2 0

WA

3 “ Yoy
0 7.1 ‘lt
(MY
N AN

i e
1._'0 ;30'1
Results on hybrid solid state batteries, are also presented here. There are IO

n‘l{a.l‘:'

minigenerators with thickness higher than that of thin film batteries and can store larger ; _“
L)
specific capacity using different insertion cathodes, whose list is given in table 1. ity

B. THIN FiLM SOLID STATE BATTERIES
1. Thin film insent thod

In the progress reports, we have discussed the structural properties of In,Se, , thin

films. It has been established that the flash evaporation technique leads to good In-Se
stoichiometry with acceptable reproducibility. This is an important factor for lithium
micro-battery in which the electronic conductivity of the insertion cathode plays an
important role in the battery operation.

Electrical resistivity and Hall measurements are performed using the five-probe
technique. Ohmic contacts are provided by evaporation of In spots on the films. The

polycrystalline films are formed by subsequent thermal annealings with T, ranging from

300 K to 600 K, in a purified flowing argon atmosphere. All flash evaporation films are
initially n-type semiconductor.

&

Figure 1 represents the variation of the Hall mobility of thin film prepared at
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T,=433 K as a function of the isothermal annealing time.

-
S
-
>
o2
-

n"
)
s
-

31

&

3,
T

— -,:;;—
..

4®

-

=rr

é;éo

Mobilty (em?V'sh)
T

e A A

0 40 80 120
Annedling time (h)

e

L

- n - -

[
W]
Fig.1 Hall mobility versus annealing time for '3'7"’
. &
InSe thin films prepared at Tg=433K. A
(e
ﬁ -
o
- -, - . - PP ) N
3 AT Aol hY I Al R B LS L St P SR e iy N '#"n N .-.-"- FE A .--_- AR N L J
AN l': ) wade :':w o ":“-'(‘f":":"f“.""‘v"j“:" N ‘:";\*\:' "'-('\1"‘:- ':.-.'a.‘-"‘-"-(- NN 'J"a:'.»_'.':‘.-.\J-“.-".-"f."-r'.'.' e
) I AN Moty \.‘5\-\,*\5\\'\.\ O e e Ty S S Y
""“l.:'\:n" “‘:l.‘.!“ N e < ) O S o *'"s-:s AN AN AN A
-u'..l‘-.""’ufl‘:'.*?'\‘?ﬂt.'::'t:fl. Pt o A WY AN AR RIS )



e
3 i
:.?:,:«
el
.!‘ g’t;
e
The optimum value appears after few hours ; after 15 hours under inert atmosphere :;:::;':j
of annealing, the Hall mobility remains stable and constant at 50 cm2/Vs, while the carrier L)
) , . O
d concentration does not change notably. The Hall mobility increases consequently with the 'l}:{cl::
. o
annealing temperature T,, but temperature of about 600 K seems to be an upper limit, 3 .’:‘,:
Y
because higher annealing temperature induces chemical reactions (figure 2). The apparent '!""'
) decomposition can be attributed to the evaporation of Se atoms. The fiim's Hall mobility ti;;:
B \J
: remains weak compared 1o the crystal's, which can reach 103 cm?/Vs at RT. ; ,:-"
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‘I Fig.2 Hall mobility versus annealing temperature for InSe Y "
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The electrical conductivity shows an exponential behaviour as a function of ol
- ey
temperature and the activation energy decreases as annealing temperature increases. The ;:".
room temperature conductivity increases by three orders of magnitude when the annealing chitn
[
temperature rises from 300 K up to 576 K ; for T, > 5§75 K the electrical conductivity b""
> eV
, remains constant ( Guesdon et al., 1987). '.t‘;'.:
\
The electrical transport properties of InSe films are governed by carrier trapping at '?".- '
the grain boundaries (Petritz, 1956). To simplify the model, we assume that the films are oy
b \ i,
! composed of identical crystallites having a grain size L, and that only one type of totally PRAN
A
ionized impurity is present. The energy band diagram in the crystallites, is calculated using }:\' <
\ 4
an abrupt depletion approximation. For a higher potential barrier height the values of the * ;
. theoretical Petritz mobility (Petritz, 1956) are in good agreement with the experimental ;’.':::s
, values, because the average grain size, measured by electron microscopy, is comparable to :2:'
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the depletion zone width, which is of the order of 20-80 nm, depending on the thermal ":"'::‘“

atiah

treatment. . '
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2. Electrical properties of a Li/InSe thin film system R
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The InSe films evaporated on pyrex are electrochemically active giving higher initial _.\

EMF than that of the bulk InSe. Galvanic cells with the following geometry : i': é

Li/LICIO,4-PC/InSe were constructed. Each cell, containing three different cathodes with the -
same Li reference electrode, gave initial EMF values : E = 3.3 V for InSe film (a) prepared S

i. 5 .\.

at Tg = RT (b) and E = 2.9 V for an InSe bulk cathode (c). :“::".“3:‘.‘
- it

The insertion of Li into films was studied first by a galvanostatic electrochemical 'c‘:'.?:::fg

N L]

method using a three-electrode cell : lithium metal was used for both counter and reference ; "":9"

electrodes. An apple lle computer was used to control the current pulse and to monitor both ;:‘

timing and cell voltage. As a cathode for this experiment, we used an InSe film prepared at ;:E\'{ .

1

T = 433 K and annealed for 50 h. at 475 K. Each step was consisted of a current pulse of ; ;

AL

Ip=1p.A during 435 min., which corresponds to x = 0.05 mole of Li for the estimated *

iy

cathode mass. When the cell's voltage became 0.5 V lower than the last EMF value, the I;':’ a0
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Fig.3 EMF versus time for a film InSe cathode prepared
at Tg=433 K and annealed for 50 h. at 4733 K.
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current puise was switched off for 5 min. Finally the predifined charge (x = 0.05) was
transferred to the cathode and the cell was left for relaxation, while the computer was
recording the cell's voitage up to the point where the slope in OCV became less than 1 mV/h.
The EMF of this cell for subsequent steps is presented in figure 3.

A complete voltage-composition curve has been investigated using the
electrochemical potential spectroscopy (EPS) which has been developed by Thompson
(Thompson.i 978). This method is very useful for study of the pseudo-two-phase system as
Li/InSe insertion cathode. A constant voitage is applied to the cell and this voitage is changed
by a tenth of a millivolt (charge of discharge). The intensity is recorded as a function of
time. When its value is low enough (i ;,) the applied voltage is again charged by 10 mV.

The full cycling of charge-discharge is automatically performed in Thompson's set-up.
Figure 4 shows the discharge curve of the InSe thin film cell. We used the InSe film

prepared at T, = 433 K and annealed for 50 h. at 475 K. The open circuit voltage versus
lithium curve shows that a large fiat plateau appears at 1.8 V

30

[ ]
N
T

1.8F T .

B 0r 05 08 10

x(Li) in InSe
Fig.4 EMF versus x(Li) of InSe film cathode prepared
at T¢=433 K and annealed during 50 hours at 475 K.

AR o'n 3 v b H ) ."}"‘ T % v
:~:g: N A R '*‘”:-::.
Wt ‘l‘ "‘ 'l‘ 'n‘.'o‘.’ et 'k At ~.~'\. e '0. h .:" TR IR b".n W "'- |‘\.:‘\.c ‘, ::" e

ta ghe g5o-gVa-hy P

“x}
7d
b

o
N

Ol St Tol & 4
-y -
Pl
T

- e
ot

L QN 4

L4
e
",

e

9 |2~

s

el

r v
rd

.....



T R D T O T e U WU U U WL U WU NV N I RN SOC M 2 0 ¥ *-rl't.‘0.'.'!":‘!‘-.‘;‘i'g.“,‘.|
%”“‘
Q

6 ; ..hg‘.l‘

when the discharge depth reaches x = 0.4. The cathodes appeared unchanged after
electrochemical cycling and no cracking or exfoliation was observed. Although no long term
cycling studies were performed, the thin film InSe material was charged and discharged
several times with no apparent lack of capacity. .

In order to investigate the cause of the cell's polarization, the diffusivity of lithium
within InSe was determined as a function of lithium composition. Using the constant current
pulse method (Basu and Norrell, 1979), a plot of overvoltage versus 1/Vt allows a
calculation of the chemical diffusion of Li. At the end of each step we applied a current pulse
of 1pA lasting 10 s. and we recorded the relaxation voltage of the cell. Figure 5 represents
the Li diffusivity in InSe film annealed at 433 K for 50 h. as a function of OCV. The highest
D is 4 orders lower than the corresponding value of bulk InSe.
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Fig. 5§ Chemical diffusion coefficient versus cell's EMF
using an InSe thin film as cathode.
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For comparison of annealing treatment between films prepared at T, = RT we used the
linear sweep voltametry (LSV) technique (Dahn and Hearing, 1981). We observe that in
non-annealed film the peak at 1.2 V is very strong compared to that of the annealed film.
The apparent non-reversibility of the current peak is partly due to slow kinetics in this
lower voltage range. Figure 6 shows the LSV of non-annealed film (a) and of an annealed

film at T, = 475 K during 64 h. (b).

a
10+
3
= st
S
3 |
0_ N )
Lt b
. ol
U' ~—— -
9 20 30

Electrode potential (V)
Fig. 6 Linear sweep voltagrams at 7uV/s rate of
inSe films prepared at Tg=RT (a) non-annealed,

(b) annealed at 475 K during 64 hours.
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C. HYBRID SOLID STATE BATTERIES
1. East ion conducting glass

Different solid state batteries having a thickness of more than 0.5 mm and including
lithium metal as alkali-ion reservoir, borate-lithium glass as solid electrolyte and

lameliar compounds as insertion cathodes i.e. TiS, , In,Se,, NiPS3, have been constructed
and measured with the above configuration where the used separator, the solid ionic
conductor which is a good electronic insulator, consists in vitreous compound of the
composition B,04-xLi,O-yLiCl. The glass modifier (Li,O) and doping component (LiCl)
composition has been taken respectively x = 0.57 and 0.18 < y < 0.26 in order to obtain the
higher ionic conductivity which is measured 1o be ¢ = 102 Q™! ecm™! at 300°C and of order
of 104 Q-1 cm'! at room temperature (Levasseur et al., 1980). The temperature
dependence of the ionic conductivity of such solid electrolyte for definite composition is

shown in figure 7. The glass having a composition of B,O4-0.57Li,0-0.18LiCI which has

been chosen as electrolyte is used as pressed pellet.

Conductivity log o (S/cm™)
& L

]
(%4
v

3
b

N

3
10%/7 (K™Y

re

Fig. 7 Temperature dependence of the fast ionic conductor BoOg-xLigO-yLiCl

of definite composition x=0.57, y=0.85 (a); x=0.85, y=0.28 (b);
x=0.57, y=0.57 (C); x=0.42, y=0.28 (d) and x=0.57, y=0.21 (e).
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The ionic conductivity of pressed pellets of the vitreous powder electrolyte has been
studied as a function of temperature grain size and tightening pressure. The best results
have been obtained with a large grain size up to 70 um powder pressed under 12 x 103
kg/cm? (Makyta et al., 1984). Figure 8 gives the variation of log o for a bulky glass and
pressed pellet versus temperature of two grain sizes.

log o (S/cmY)
W
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~

Conductivity
2

]
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35
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Fig. 8 Temperature dependence of the ionic conductivity of B;0O3-0.57Li,0-0.23Lil
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b's I: ¥y

bulk material (a) and powdered pressed pellets with grain size up to 100um (b)

A

Pt

up to 45um (c) and up to 10um (d).

2. Cell construction

"1

J".
P

2

A new special cell seup has been designed. Figure 9 shows the new desing in which the
solid state batterie takes place between anvils in stainless steel which are kept under in
pressure using a strong spring. The external knowing is a cylinder of nylon and electrical
contact are realized by direct connection on stainless steel onviis. A brass piston which is

R R
(, "

g ,q".l"l' l.("{ :

L “t

."x

screwed into the housing allows an easy adjustement of the strength of spring.

The cell construction is shown in the figure 10. The cathode-electrolyte assembly is
formed by pressing sequentially the two components in a 0.5 cm diameter steel die at room
temperature. The final pressure Is 104 kg;/cm2 and a pure lithium metal disc is then placed
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on the electrode-electrolyte composite being careful to touch only to the electrolyte surface ;-4
i . . . . . Nty
" with the aid of an insulating mica sheet in the argon atmosphere chamber. ,:'.’ ‘
’I p N
t 4
}‘ In this report, we present the experimental on two kinds of cells using TiS, and t&{
i NiPS, cathodes.
1Y Y
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150
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Fig. 10 Solid state cell configuration using a composite electrode

with NiPS3' 15% carbon and 15% fast ionic conductor.
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- Besults and discussion A
3 R
OO RN
E A series of cells of different composition have been tested. Their structures and ":S‘,:"I
e
; properties are shown in table 2. _ du
) :l'.:“gf
'!h‘!‘:
s
Cell Structure EMF (nA) IR drop e
: no. (V) V) Wt
[ .|'o. L)
' 1 Lipaper (LiCIO,4-Pc) / NiPSy + 15% carbon 3.00 10 0.10 e
; 1-A  Li/B503-0.57Li50-0.26LIiCl / NiPSq4 2.84 10 0.20 ..::‘.:.:
N
- 1-B  Li/By04-0.57Li,0-0.23Lil / NiPS4(75%) + 2.55 1079 0.10 :.‘:.\“.
‘ 15% C + 10% electrolyte ‘o '::'.'
¢ - 1 1
% L) '| o
2 Li/ By0g-0.57Li,0-0.18LICI/TiS,85% + 2.88 109 0.31 =
15% electrolyte 3,'._:‘
‘}:’&:.
) 3 Li/ By03-0.57Li50-0.18LICI/TiS,85% + 2.81 10 0.013 §$f
K 15% electrolyte S
2348
4  Li/ By0g-0.57Li50-0.18LICHTIS,85% + 3.04 1 0.15
! 15% %ectrolyte ‘.:'4.0
, .0’:
5 LI/ By05-0.57Li,0-0.23Lil/TIS;85% + 2.90 potentiostatic e
15% electrolyte measurements hNy ‘J
D Bl
A . e
' Table 2. Characteristics of the studied solid state batteries. L,
$
. NS
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A
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The results of the cell # 1 are listed in table 2 and it was shown that the cathode has a s :;1
good chemical diffusion coefficient. it indicates that the cathode is a good ionic conductor as ] ::.:::.f
i ‘4
i well as there is a more ionic conduction on interface EL/C. Where as in cell # 1-A and =
. 1-B we have taken glass electrolyte and there were able to pass the current of nA order. We X
®
F didn't get a big significant charge except the increase of the current of one order more in s
S
K cell # 1-B in comparison to cell #1-A. -::'\ \
¢ '-'7'
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current N° of cycles Dllg"2 D/, D Ky a3
(hA) ) (cm? s (cm2s7) (cm2s) Wit
:,cﬁ.n:lﬁf
() !'| I‘Q
ol
10 After 40 cycles 2.82 x 108 420 x 10®  6.26 x 108 1.49 :.3:::1;::!
..l".‘;‘l‘:
20  After 80 cycles 9.80 x 10°° 7.73 x 1008 3.07 x 108 1.77 ,
— e
. 3 '
20  After 130 cycles 1.15 x 100 230 x 10° 460x 10°  2.00 Ry 3
Table 2 : Chemical diffusion coefficients and thermodynamic (Darken) factors in cell = 1. .;..;%
OO
(*) one cycle consists of a charge (1h), a discharge (1 h) and two relaxation 'E:::’:ﬁ::‘;‘
- OO
(1 h each) all in 4 hours. o
) g,:.:?lt
f @
Table 3 shows the kinetic measurements of the cells # 1-B and # 2 respectively. "'::”,
8 fan St
From these data, it is evident that TiS, is a good cathode material where lonic diffusion in ':::E:::::
.'o .'4
the cathode is much better than NiPS; and it has been verified by experiment for higher 'di
’ *'-..r-.
mber of ling. F
number of cycling A .:
cell's current Ne of cycles D/K2 D/Kt D Ky pTAR
cathode I(nA) (cm2s 1y ( cm2s'1) ( cm2s°1y ,."‘.a
Y
o
1-B 103 30 305 x 108 207 x107 132x 107 .28 ~'
W
10-2 10 7.9 x 1077 9.1 x 107 1.04 x 108 1.15 o
S
Table 3 : Chemical diffusion coefficients and thermodynamic factors in cell # 1-B and # 2. NI
65 %
The major disadvantage of those cells which we have described above is the low e
current draims (~ nA) as well as low energy densities. Recently in own laboratory we have N 5$~ N
]
succeeded to pass high currents (~pA). Through the cell configuration of type g‘:}y
S
Li/By04-0.57Li,0-0.18LICI/TiS, composition (cells # 3 and = 4). There we have applied a 'h'?: ‘
new technique (Julien and Samaras, 1987) for the preparation of such kind of cell. After :;'.o.,"\ -
B s
preparing the cell we inject one drop of LICIO,-PC in anode/electrolyte interface inside the ::‘ -f‘
!?:?E.f‘!:f
o
. " s \l‘.f ™ ,, 2 rrrv\-(v-r-r . "'~'t.’-.
* \wkz 'Q »-g-f o '<' 'f\ Y '\-S'h ‘(' MIVASE ~,'5- *:,x )"\‘. N : :&: '&‘h:': :': \r: \.p: -‘;_.::; J: AR
!' .g‘..g A i,.: t.’ f‘:{ . \.“")"\ ol *'\ o - »;-:.'x VAN i
"\"’ "“ .'.‘U !.9'0\‘0" “’."-.‘0 't' (N h 0&‘.‘ .Pl. - -'C 'l Oyl N\ Xt N R o 5 .‘l. o q.{\ A, &



N,
. 0 ‘.'f
glove box of argon atmosphere. After that the cell was dried for few hours by using rotary gl
vacuum pump. On table 4 we are giving the kinetic resuits and corresponding specific
Ui ) U
energies of the cell # 2 and # 3 (neglecting an possible losses). :.:. .;::.:i
MUAT
::'n ::::
i
cells current N° of cycles DIK2 D/Ky D Ky specific K O
(LA) v ( cm2s-! ) (cm2s1) ( cm2s1) energy i
(Wh/kg) RhRe,
Wt
Y ':‘:I:
. |.i;
] 3 10 After 10 cy. 1.86 x 108 24 x 10® 316 x 108 1.32 501 Pt
gt
4 1 After 10 cy. 3.34 x 107 9.08 x 107 247 x 107 2.72 505
I:'él"':
§
Table 4 : Kinetic and specific energies data of cells = 3 and = 4. e
i

N

The discharge curves of cell = 3 and = 4 are given in figures 11 and 12. N "‘::‘,f
2
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Fig.11 Discharge curve versus time of the cell n.3. ‘;"‘ '7
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The discharge curve of the cell # 3 is obtained using the configuration :,_’»‘
v
Li/B504-0.57Li,0-0.18LiCI/0.85TiS, + 0.15 electrolyte. This cell which has a mass of 18 :ﬁ: ]
t‘fh. 3

mg shows an overvoltage of 13 mV with a current density of 50 uA/cma. After a discharge ;
during 21 hours the volitage remains higher than 2.2 V. E:';:{

w Y
The kinetic parameters have been estimated using the long pulse current method .' ':::3
“ |.-
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Fig. 12 Discharge curve vesus time of the cell n.4.

10

Honders et al., 1983). The typical transient voltage AE which appears after a long pulse
applied to the cell shows two linear domain as function of the time. The time dependence of
this transient voltage for the cell n° 4 is shown in figure 13.

e
o

overvoltage AE (V)

N B
time Yt (sV2)

Fig. 13 Transient voltage versus t'’2 in solid state
battery Li/BO4-LioO-LiCl/TiS,

The time dependence of the differential voltage ({(t) which is the deviation between

the linear part of the curve and the transient voltage is represented in figure 14. The slope

of this curve permits to calculate the thermodynamical factor K, of the insertion electrode,
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Fig. 14 Differential voltage versus time in the LUTiS, cell.
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Fig. 15 Discharge-composition curve (a) and derivative voltage of
a solid state battery LB2O3-LioO-LiCI/TiSy (cell n.5).
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which is estimated to be less than Ki=3 in the LVNiPS, cell cycled 10 times (figure 14). !

We have studied the discharge-composition curve of a Li/TiS, cell using the

electrochemical potentiostatic spectroscopy method. The cell's EMF and the derivative :",:‘."-.(

potential curve versus x(Li) in Li,TiS, are shown in the figure 15. in the studied

compositional range (0 < x < 0.06) the variation of the OCV curve is similar to thus which
is ordinary observed in cells using a non-aqueous liquid electrolyte. o
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